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Average Factors of Merit of Some Semiconductors 
 
 
Main characteristics of SiC:  
• Advanced Microelectronic Devices & Sensors 
• Ceramic 
• Very Inert Chemically 
• Interesting Mechanical Properties 
  (hardness, composite materials) 
• Biocompatible 
• Resistant to Radiation Damages  
  (suitable for hostile environments, e.g. in 
   fuel rods for 3rd generation nuclear reactors) 
• Large high quality single crystal wafer 
• Same native oxide as Si: SiO2  
• SiC is very abundant in the universe: SiC grains/graphene etching in the interstellar medium 
  as a path to polycyclic aromatic hydrocarbon (PAH) formation 
 
SiC is a IV-IV compound Wide Band Gap semiconductor - has more than + 170 polytypes:   
Hexagonal phase (α-SiC) 6H-SiC, 4H-SiC ….  -   Cubic phase (β-SiC) 3C-SiC  
Stress/Strain driven surface structure: Lattice mismatch: -20% (Si) & +22% (diamond) 
Most importantly: SiC is an especially suitable substrate for Graphene 
a = 4.39  0 Å
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Cubic Silicon Carbide: 3C-SiC(100)	

Ø  Only 1 cubic polytype	

Ø  Zinc-blende structure	

Ø  The 3C-SiC(100) surface is polar unlike elementary group  IV semiconductors	

Existence of numerous different reconstructions	

(~ 10 in a  200°C temperature range)	

Ø  In the [001] direction, stacking of alternating C and Si planes	
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3C-SiC(100) thin film grown by CVD 	

on a Si(100) wafer	

Si(100) wafer 
SiC thin film ≈ few µm 
Strain 
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Cubic Silicon Carbide Polytype 
Si-rich 3C-SiC(100)3x2 Structure by 	

STM, GIX-Ray     & Photoelectron         Diffraction	
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Alternately Long &Short Dimers ALDS-TAADM Model      	

1 st  layer 
2 nd  layer 
A U  : up atom 
A D  : down  atom 
D L : long  dimer 
D S : short dimer 
  
1 st  Si layer (1/3 ML) 
2 nd  Si layer (2/3 ML) 
3 rd   Si layer (1 ML) 
C layer  
A U A D 
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Si-Si dimer in the 3rd plane	
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500 Å x 500 Å	

• Complex Structure	

• Strain Driven 	
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• Atom-resolved scanning tunneling microscopy & spectroscopy 
• Synchrotron radiation-based photoelectron diffraction and photoemission spectroscopy 
• Synchrotron radiation-based grazing incidence X-ray diffraction 
• Vibrational spectroscopy – IRAS and HREELS 
• Ab-initio computations - VASP/MedeA® and vibrational properties calculations 
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Outline	

 
Nanochemistry at Graphene and SiC Surfaces 
 
   The 1st example of H/D-induced semiconductor surface metallization 
      
 
 • H/D-induced Nanotunnel Opening at 3C-SiC(100)-3x2 Sub-Surface 
     
• H-induced Graphene Etching at SiC Grains as a possible route for 
PAHs formation in the Universe 
Upon H interaction 
• S surface state quenched  • H-terminating top surface Si dangling bonds  
• Fermi level build-up     • New surface state at EF  
• Band Gap Closing 
Photoemission Spectroscopy 
H-induced 3C-SiC(100)-3x2 Surface Metallization 
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• H atoms bond to top surface Si-dangling bonds (in agreement with STM)	

• H atoms break Si-Si dimers in the 3rd plane, just above the 1st C plane	
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• H atoms bond to top surface dangling bonds (1st plane)	

• Weakening of the back bonds	

• Asymmetric attack on Si-dimer in 3rd plane	

• H atom bonds to one of the Si atoms	

• Lead to charge transfer 	
 	
	

• Metallization 	
 	
 	
	

3rd plane  
Si-Si dimer 
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1st Example of H-induced semiconductor 
surface metallization 
H atoms interact at & below the SiC surface 
Hydrogen interaction with SiC surface 
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But: problems …… 
• When H-exposures is too small .…… Not yet Metallic 
 
• When H-exposures is just OK …        Metallization occurs 
 
• When H-exposures is too high ……    Not anymore Metallic …….. ! 
 
 
2 other models of H atoms interaction at 3C-SiC(001)-3x2 by DFT calculations:  
 
1 – H atoms in the 3rd Si atomic plane are in Bridge Bond positions 
See: di Felice et al., Phys. Rev. Lett. 94, 116103 (2005); Chang et al., Phys. Rev.  
Lett. 95, 196803 (2005); Peng et al., Phys. Rev. B 76, 125303 (2007).  
 
2 – H atoms interact in the 2nd Si atomic plane, but then, Surface Not Metallic 
See: Deak et al., Phys. Rev. B 79, 085314 (2009); Trabada et al. Phys. Rev B 80,  
075307 (2009).  
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Computed atomic structure of the Clean  
and H/3C-SiC(100)-3x2 surfaces  
Nanotunnel Top  
and Side Views 
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Atom-projected computed density of states (DOS) 
Metallization takes place predominantly in the 3rd Si3a atomic layer 
with marginal contributions from both 1st Si1a & 2nd Si2a layers combined  
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SR-PES and computed Density of States - DOS 
Fermi level EF built-up indicates metallic nanotunnel 
H-covered 3C-SiC(001)-3x2 surfaces  
S S 
EF  EF  
Clean 3C-SiC(001)-3x2 surface  
EF  
TEMPO  
Beam line 
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HREELS specular elastic peak for Clean  
and 50L H exposed 3C-SiC(001)-3x2  
Elastic peak broadening  
indicates metallic surface  
P. Soukiassian 
HREELS and computed vibrational frequencies  
for H/D-induced metallic nanotunnel  
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Measured (HREELS & IRAS) and computed vibrational  
frequencies of the 8H / 8D metallic structure  
Nature	

 Mat. 3	

253 (2003)	

Excellent agreement between measured (HREELS & IRAS)  
and computed vibrational frequencies 
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H-induced nanotunnel opening at the 3C-SiC(001) sub-surface 
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Conclusions 
• H-induced Nanotunnel opening at the 3C-SiC(100)-3x2 surface sub-surface 
 
• H-induced puckering of Si atom bonds leads to nanotunnel opening 
 
• These nanotunnels can either be metallic or semiconducting upon H-exposure  
  with a sequence of  Semiconducting-Metallic-Semiconducting transitions 
 
• Dangling Bonds located inside the Nanotunnel offer a unique template 
  to capture atoms or molecules 
  
• These Nanotunnels are self-organized in a Massively Parallel network at the   
  sub-surface 
 
• Vibrational (HREELS, IRAS) & photoemission spectroscopy, & STM/STS    
   experiments are in excellent agreement with ab-initio VASP/MedeA® and  
   vibrational computations  
P. Soukiassian, E. Wimmer, E. Celasco, Cl. Giallombardo, S. Bonanni, L. Vattuone, L. Savio,  
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Nature Com. 4, 2800, 21 September 2013 
 
http://www.nature.com/ncomms/2013/131121/ncomms3800/pdf/ncomms3800.pdf   - Open Access 
P. Soukiassian 
What is the Structure of Graphene ? 
Carbon atomic bonding configurations:  
sp: acetylene – sp2: graphite, fullerenes, nanototubes, graphene – sp3: diamond  
C atom 
sp 
acetylene 
sp2 
graphite 
sp3 
diamond 
Graphene: A Zero Band Gap Semiconductor or a Semimetal 
Graphene is a single atomic layer of graphite - So Graphene is just “a Surface” 
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Hexagonal Silicon Carbide: α-SiC(0001) & α-SiC(000-1)  
Polytypes 
α-SiC(0001) Surface Reconstructions 
4H-SiC(0001) 6H-SiC(0001) 
650°C  + Si > 1200°C 1000°C 
Si-Rich Graphene/Graphitic Annealing 
 (0001) Face 
Si Face 
C Face 
1x1 3x3 √3x√3R30 6√3x6√3R30 2√3x2√3R 30°+3x3 
900°C 
Fabrice Amy, PhD Thesis (2000)  
Epitaxial Graphene on SiC: Exceptional Transport Properties 
Silicon Carbide surface: the Graphene sp2 transformation 
Quasiparticle Dynamics 
Morphology: Graphene on  
Si-terminated 6H-SiC(0001)  
Walt de Heer 
• 2009 Nanoscience Prize 
• 2010 MRS Medal 
Graphene on Cubic 
3C-SiC(100) & (111) 
Russian Academy of Science 
Electronic Confinement 
& Coherence 
Berger et al., J. Phys. Chem. B108, 19912 (2004) & Science 312, 1181 (2006); Rotenberg et al., Science 313, 951 (2006); 
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Graphene: Outstanding Properties 
• Very Large Phase Coherence Lengths:  > 1 µm at 4 K              
• Unprecedented High Mobilities: µ = 250,000 cm2/V.s (Si: 1,360 cm2/V.s)              Electronics 
• Charge carriers move at ≈ Zero Mass & Constant Velocity as Photons 
• Very large Spin diffusion lengths exceeding  > 100 µm           Spintronics 
• Highest thermal conductivity scaling > 12 times above Copper                Higher T devices 
• Outstanding light absorber 2.3% for a SLG               Photonics, Lasers & Thz technology  
• Mechanically, the most resistant material ever measured       Sensors 
Graphene now on the “Road Map” 
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SiC and Graphene in the Universe 
or: How organic species show-up in the universe ? 
• Hydrogen, oxygen, Si, C, ….. are species among the most present in the Universe	

• SiC is also widely present in the universe – found end of the 19th century on a meteorite in Diablo 	

  Canyon, Arizona by Henri Moisan (1906 Chemistry Nobel Laureate)	

• Polycyclic aromatic hydrocarbons (PAHs) formation could be a key step in prebiotic root of life	

• Needs H interaction with sp2 Carbon (graphene/graphite) which initially do not exist in Universe	

H interaction on epitaxial Graphene/SiC leads to graphene etching 
P. Soukiassian 
 
Synchrotron radiation-based core level photoemission 
spectroscopy at C 1s core-level for H-exposed Graphene/SiC 
 
H-induced Graphene Etching 
 
 
 
 
 
 
 
 
 
 
 
sp2 sp2 
Clean Graphene 
H-exposed Graphene 
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SiC and Graphene in the Universe 
 
 
 
 
 
 
 
 
 
 
 
 
• SiC grains/graphene etching in the interstellar medium as a path to polycyclic aromatic 
hydrocarbon (PAH) formation, a possible route for prebiotic life in the universe 
Merino, Svec, Martinez, Jelinek, Lacovig, Dalmiglio, Lizzit, Soukiassian, Cernicaro, Martin-Gago, 
                         Nature Com. 5, 3054, 21 January 2014 
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